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Aptamers have emerged as promising molecular probes for in vivo cancer imaging, but the reported "always-on" aptamer probes remain problematic because of high background and limited contrast. To address this problem, we designed an activatable aptamer probe (AAP) targeting membrane proteins of living cancer cells and achieved contrast-enhanced cancer visualization inside mice. The AAP displayed a quenched fluorescence in its free state and underwent a conformational alteration upon binding to target cancer cells with an activated fluorescence. As proof of concept, in vitro analysis and in vivo imaging of CCRF-CEM cancer cells were performed by using the specific aptamer, sgc8, as a demonstration. It was confirmed that the AAP could be specifically activated by target cancer cells with a dramatic fluorescence enhancement and exhibit improved sensitivity for CCRF-CEM cell analysis with the cell number of 118 detected in 200 μl binding buffer. In vivo studies demonstrated that activated fluorescence signals were obviously achieved in the CCRF-CEM tumor sites in mice. Compared to always-on aptamer probes, the AAP could substantially minimize the background signal originating from nontarget tissues, thus resulting in significantly enhanced image contrast and shortened diagnosis time to 15 min. Furthermore, because of the specific affinity of sgc8 to target cancer cells, the AAP also showed desirable specificity in differentiating CCRF-CEM tumors from Ramos tumors and nontumor areas. The design concept can be widely adapted to other cancer cell-specific aptamer probes for in vivo molecular imaging of cancer. switchable aptamer probe | in vivo imaging | activatable fluorescent molecular imaging | cancer detection | cell surface protein D evelopment of sensitive and specific molecular probes is one of the central challenges in cancer imaging (1, 2) . Aptamers are single-stranded RNA or DNA oligonucleotides with unique intramolecular conformations that hold distinct binding properties to various targets, including small molecules, proteins, and even entire organisms (3) (4) (5) . As a small, polyanionic and nonimmunogenic type of probe, aptamers may exhibit faster tissue penetration and uptake, shorter residence in blood and nontarget organs, and higher ratio of target accumulation, thus affording great potential for in vivo cancer imaging (6, 7) .
Design of aptamer probes for cancer imaging has primarily relied on a strategy using the so-called "always-on" probes (8) , in which the reporter-bearing aptamers are bound to target cancer cells and accumulation of the reporters around cells then results in an elevated signal with reference to the surrounding environment. Various signal reporters have been adopted, including radioactive, magnetic, and fluorescent agents (9) (10) (11) (12) (13) . Our group has demonstrated that near-infrared dye-labeled aptamers could effectively recognize cancer cells in vivo and achieve cancer imaging with high specificity (13) . However, because always-on aptamer probes had constant signals, the image contrast was critically limited by a high background. And the cancer site could be clearly observed only after the physiological clearing of unbound aptamers, thus leading to a long diagnosis time, which further compromised contrast by substantial consumption of bound aptamers. Therefore, ideal aptamer probes for in vivo cancer imaging should preferably display signal alteration architectures, in which the normally quenched signal is activated only after successfully targeting cancer sites.
In the context of molecular imaging, a variety of such probes have been developed (14) (15) (16) (17) (18) (19) (20) (21) . Typical mechanisms include enzymatic cleavage of a quencher group from the fluorescence moiety using cancer-related enzymes (15) (16) (17) (18) , intracellular degradation of fluorescence-quenched protein against cancer cell receptors (19, 20) , and surrounding-sensitized fluorescence labels conjugated to macromolecular ligands selectively endocytosed by cancer cells (8) . However, these mechanisms cannot be utilized to develop aptamer-based activatable probes. Because the sequences of aptamer probes can be custom-designed, aptamers have the particular advantage of target recognition-triggered conformational alteration, leading, in turn, to signal alteration. This strategy has been well demonstrated with molecular beacons for nucleic acid monitoring and free protein detection (22, 23) . Assuming that this strategy would work on surface membrane proteins of living cancer cells, we hypothesized that conformational alteration triggered by the specific binding of aptamers with cell membrane proteins could detect cancer cells, thus affording a substantial basis for the development of a unique kind of activatable molecular probe for in vivo cancer imaging.
Herein we report such an activatable aptamer probe (AAP) designed based on cell membrane protein-triggered conformation alteration, as illustrated in Fig. 1 . The AAP is a single-stranded oligonucleotide consisting of three fragments: a cancer-targeted aptamer sequence (A-strand), a poly-T linker (T-strand), and a short DNA sequence (C-strand) complementary to a part of the A-strand, with a fluorophore and a quencher covalently attached at either terminus. Because of hybridization of the C-strand with its complementary part of the A-strand, the AAP is hairpin structured. This conformation keeps the fluorophore in close proximity to the quencher, resulting in quenched fluorescence in the absence of a target. However, when the probe encounters the target cancer cell, it is capable of binding with protein receptors on the cell surface, causing a spontaneous conformational reorganization of the hairpin structure and, consequently, forcing the fluorophore to separate far from the quencher. Finally, a fluorescence signal is activated in response to the successful binding of This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: kmwang@hnu.cn. the AAP to the target cancer cell. As a "signal-on" probe, the low fluorescence-quenched background may display dramatically enhanced image contrast, thus leading to a much shorter diagnosis time. Note that in our design, the AAP not only acts as a molecular recognition probe but also serves as a transducer in generating an activated fluorescence signal as a result of cell membrane protein binding events. Thus, by integrating target specificity with sensitive signal transduction, these aptamer-based probes are afforded a unique advantage.
Results and Discussion
Construction and Sequence Optimization of AAP. An aptamer sgc8 was used as a model system to demonstrate the feasibility of the AAP-based strategy for in vivo cancer imaging. The sgc8 was selected by cell-SELEX against human acute lymphoblastic leukemia CCRF-CEM cells (24) and identified to interact with the cell membrane protein tyrosine kinase-7 (PTK7), a protein closely associated with a number of cancers (25) . The AAP for CCRF-CEM cancer imaging was constructed as a single-stranded oligonucleotide consisting of the aptamer sgc8, the T-strand, and the C-strand, with a fluorophore FAM and a quencher BHQ1 covalently attached at either terminus. To ensure that the fluorescence resonance energy transfer (FRET) between FAM and BHQ1 would be substantially eliminated after AAP activated, a total number of the nucleotides contained in the T-strand and C-strand was fixed at 25. Consequently, the signal-to-background ratio of the AAP was strongly dependent upon the C-strand sequence. More specifically, the hybridization of the C-strand with its complementary part of the A-strand resulted in low background and increased aptamer stabilization. For obtaining the AAP sequence with the highest signal-to-background ratio, four aptamer probes-probe a, b, c, and d-with different C-strand compositions were designed. As listed in Table 1 , the number of nucleotides contained in C-strand was gradually increased from six in probe a to nine in probe d. Fig. 2A gives the fluorescence responses of these aptamer probes to CCRF-CEM cells with reference to the control Ramos cells. After incubation with Ramos cells, the probes displayed decreased background responses with longer C-strand complementary to the A-strand. On the other hand, with shortened C-strand, the affinity of the probes increased and the resulting signals of these probes activated by target CCRF-CEM cells were enhanced significantly. The signal-to-background ratios of these probes are given in Fig. 2B . The best signal-to-background ratio was achieved with probe c that had an eight-nucleotide sequence complementary to the A-strand. With the optimized AAP sequence, a near-infrared AAP was then constructed using a near-infrared dye, Cy5, as the reporter and BHQ2 as an efficient quencher. The utilization of the near-infrared reporter could further facilitate applications of the AAP for in vivo imaging of CCRF-CEM cancer (26) .
Activation of AAP by Target Cancer Cells. Flow cytometry assays were performed to investigate the fluorescence activation of the AAP by target cancer cells. Control probe 1, a negative control probe for the AAP, was constructed with the A-strand subjected to an arbitrary alteration such that it showed little affinity to target cancer cells. Fig. 3 depicts the fluorescence signals of the AAP and control probe 1 in response to different cell lines. It was observed that the AAP showed much higher labeling of CCRF-CEM cells than control probe 1. This revealed that the AAP was substantially activated after binding with membrane proteins of the target cancer cell with an elevated fluorescence. The activation efficiency for several nontarget cell lines, including two cancer cell lines, such as Ramos cells and U266 cells, as well as one normal cell line, such as B95-8 cells, was then investigated. We observed that fluorescence responses of the AAP to these cells did not exhibit significant difference from those obtained with control probe 1, thus showing that the AAP was not activated by these nontarget cells. This was further confirmed by flow cytometry assays of cancer cells in mouse serum with the AAP (Fig. S1 ). Although the surrounding environment was changed from binding buffer to mouse serum, which was more complex and unstable for the AAP, the fluorescence elevation was still detected after the AAP was activated by CCRF-CEM cells, while there was little signal enhancement observed for Ramos cells. These results implied that the AAP strategy held the desired ability to work on cell membrane proteins both in Fig. 1 . Schematic representation of the novel strategy for in vivo cancer imaging using activatable aptamer probe (AAP) based on cell membrane protein-triggered conformation alteration. The AAP consists of three fragments: a cancer-targeted aptamer sequence (A-strand), a poly-T linker (T-strand), and a short DNA sequence (C-strand) complementary to a part of the A-strand, with a fluorophore and a quencher attached at either terminus. In the absence of a target, the AAP is hairpin structured, resulting in a quenched fluorescence. When the probe is bound to membrane receptors of the target cancer cell, its conformation is altered, thus resulting in an activated fluorescence signal. 
*In all sequences, the A-strand is presented in italic, the T-strand is presented underlined, and the C-strand is presented in bold. † Control probe 1 is a negative control probe for AAP, which is constructed with the A-strand subjected to an arbitrary alteration such that it shows little affinity to target cancer cells. ‡ Control probe 2 is a negative control probe for always-on aptamer probe, the sequence of which is identical with the altered aptamer sequence of control probe 1.
buffer and serum, and that the activation of the AAP was critically dependent on protein expression patterns of cells. Interestingly, it was found that the AAP labeled with Cy5 fluorophore and BHQ2 quencher displayed a substantially improved signalto-background ratio (S∕B ≈ 7.38) than the AAP labeled with FAM and BHQ1 (S∕B ≈ 1.53), which might be attributed to the alleviation of endogenetic fluorescence of cells in the nearinfrared spectral region. Then, the binding assays of the AAP with CCRF-CEM cancer cells were further performed by using flow cytometry (Fig. S2) . By subtracting the mean fluorescence intensity of nonspecific binding from control probe 1, the AAP was confirmed to have high affinity for CCRF-CEM cells with calculated equilibrium dissociation constants (K d ) in the nanomolar-to-picomolar range (K d ¼ 0.26 AE 0.02 nM). Moreover, according to the results of the binding assays, the maximum number of the AAP bound to, on average, each CCRF-CEM cell was calculated to be about 2.57 × 10 5 .
Detection of Cancer cells with AAP. Before in vivo implementation, the AAP was tested for cancer cell detection and compared with an always-on aptamer probe that was constructed using aptamer sgc8 with a Cy5 label. As shown in Fig. 4A , after incubation with CCRF-CEM cells, the AAP achieved much higher relative fluorescence intensity, and its signal-to-background ratio was enhanced to approximately 2.5 times of that obtained by the always-on probe. It was revealed that the detection sensitivity was substantially improved by the AAP-based strategy over that of the always-on probe, resulting from the dramatically reduced background endowed by the unbound AAP in solution. This was also demonstrated through flow cytometry assays of the spiked mouse serum samples (Fig. S3) .
In order to further investigate sensitivity of the AAP for detection of CCRF-CEM cells, samples with varying CCEF-CEM cell numbers ranging from 118 to 392,000 in 200 μl binding buffer were obtained by serial dilution. To quantify target cell number, statistical analyses were performed according to the AAP-labeled events appearing in the upright (UR) region. As cell number decreased, the number of events located in the UR region decreased accordingly (Fig. 4B ). Counts less than background count plus three times standard deviation were considered to be negative. Background count was determined using the same procedure without the addition of CCRF-CEM cells. For each sample, the number of CCRF-CEM cells detected by the AAP, Y , was plotted versus that measured using hemocytometer, X, as shown in Fig. 4C . The regression equation was log Y ¼ 0.9757 × log X − 0.3321 with the smallest cell number of 118 detected in our real experiments. This low concentration was comparable to those obtained using the existing cancer detection methods that exploited aptamer-conjugated nanomaterials-based signal amplification technologies (27, 28) .
In addition, the specificity of the AAP was also determined through detection of target cancer cells in mixed cell samples with different concentration ratios of CCRF-CEM to Ramos cells (Fig. S4 ). With the concentration ratio of CCRF-CEM to Ramos cells reduced from 9∶1 to 1∶9, the percentage of positive signals obtained using the AAP decreased accordingly from 70.36% to 14.91%. Note that, though the always-on probe could achieve an equivalent signal-to-background ratio to the AAP through the traditional sample preparation method with time-consuming washing process (Fig. S5) , our assay allows a simple implementation through 15-min incubation of the AAP with the cancer cell samples before detection. This reveals that the AAP holds considerable potential as a simple, rapid, sensitive, and specific cancer cell detection strategy with no required washing step.
In Vivo Contrast-Enhanced Cancer Imaging with AAP. We next implemented the developed AAP for in vivo imaging of CCRF-CEM tumors implanted in nude mice. Fig. 5 displays time-dependent in vivo fluorescence images of the CCRF-CEM tumor-bearing mice after intravenous injection of 0.35 nmol labeled probes with 4.5 nmol unlabeled random oligonucleotide. The latter was injected to slow down the degradation of aptamer probes in blood. As expected, the AAP rapidly circulated within 5 min throughout the animal, and weak fluorescence signals could be seen in most parts of the body including the tumor site ( Fig. 5A) . At 15 min, a fluorescence image was evident in the whole body, a phenomenon that might have originated from the distribution of the AAP in subcutaneous tissues and possible degradation of the AAP in blood. More importantly, prominent fluorescence signals appeared in the tumor site at this time. This demonstrated that the AAP could be activated by target cancer cells with a faster restoration of fluorescence achieved in the tumor site than other areas. Thereafter, fluorescence signals faded continuously over most regions of the body, but a high signal contrast remained in the tumor. At 60 min, the AAP was almost cleared from blood and nontarget tissues, and the tumor was still the brightest structure visualized. Interestingly, we observed that the clearance rate of the AAP in the tumor site was much slower than that seen in other areas. This seemed to be attributed to the fact that the high affinity of the AAP to target cancer cells might protect the probes from degradation and metabolism. Even at 180 min after injection, a visible fluorescence signal was still obtained in the tumor site, again demonstrating slow clearance of the AAP in target ar eas.
To verify that the aforementioned observations supported the feasibility of the AAP for in vivo cancer imaging, a control experiment was performed by injecting control probe 1, the fluorescence-quenched near-infrared probe, into CCRF-CEM tumorbearing mice. As shown in Fig. 5B , control probe 1 was visualized to be distributed throughout the animal via circulation followed by a continuous clearance over most regions of the body. At 60 min, control probe 1 was almost cleared in most regions of the body, and fluorescence signals nearly vanished at 120 min. During the whole imaging process, no prominent fluorescence signal was obtained in the tumor site, indicating that control probe 1 was not accumulated or activated at the tumor site. This also strongly suggested that the fluorescence contrast achieved using the AAP did arise from specific residence or activation of the probe by the CCRF-CEM tumor. Further comparison of the AAP-based cancer imaging strategy was then performed with the always-on aptamer probe. Unlike the AAP, we observed that these always-on probes suffered high fluorescence background in the whole body from the earliest time point, even though the exposure time used for the always-on probe was as short as one tenth that of the AAP (Fig. 5C ). After 15 min, fluorescence signals faded gradually over the whole body, including the tumor site. At 60 min, the tumor site was roughly distinguishable in fluorescence signals from nontarget sites with a very limited signal-to-background ratio, revealing that the high affinity of aptamer probes to target cancer cells might actually slow down their clearance in the target region. Thereafter, the probes were cleared continuously until fluorescence signals entirely disappeared in the whole body. While these findings demonstrated that the always-on aptamer probe was capable of targeting CCRF-CEM tumors in vivo, a desirable imaging contrast could not be achieved because of high fluorescence background. With distinctly different behavior, the AAP could substantially minimize the background signal originating from nontarget tissues, as often noted in this study, and it displays highly contrastenhanced imaging from only 15 min through more than 2 h after injection.
In Vivo Specific Cancer Imaging with AAP. To further validate the imaging specificity, the ability of the AAP to discriminate between the CCRF-CEM tumor-bearing mice and mice with no tumor or Ramos tumor implanted was tested in vivo. According to the previous observations, a postinjection time of 60 min was selected as the optimal imaging time. As displayed in Fig. 6 , a clear imaging of the CCRF-CEM tumor with substantially enhanced fluorescence signals was observed in the tumorimplanted site, the right forelimb of the tested mouse (plot C). In contrast, there was almost no fluorescence detected either in the right forelimb region of the mouse with no tumor implanted or in the Ramos tumor site ( plots A and B) . Although the AAP could be activated and accumulated by the target tumor, its nonspecific activation and residence in the normal tissue and nontarget tumor were minimized. These results positively support AAP as a promising specific molecular probe for in vivo cancer imaging.
Conclusion
We have developed a unique strategy of AAP for in vivo cancer imaging. The AAP underwent a conformational switch upon binding to proteins on target cancer cell surface with an activated fluorescence. Flow cytometry assays revealed that the AAP was specifically activated by target cancer cells and showed the improved sensitivity for detection of CCRF-CEM cells, both in buffer and serum. In vivo imaging applications demonstrated that, when compared to always-on aptamer probes, the AAP displayed substantially enhanced contrast, which will facilitate a more sensitive detection of cancer at its early stage. Furthermore, the AAP was able to give clear fluorescence imaging specific to the CCRF-CEM tumor site within 15 min after injection. This stands in contrast to always-on probes, which required a long postinjection time to obtain contrast from differentiated rates in clearing unbound and bound probes. Considering the expansion of aptamer discovery for varying cancer targets (29) , the developed AAP strategy might hold great potential as a versatile molecular probe for in vivo cancer imaging with high sensitivity and specificity.
Materials and Methods
Chemicals and Materials. All the DNA probes reported in this article were custom-designed and then synthesized by Takara Bio Inc. Sequences of the oligos are listed in Table 1 . Dulbecco's phosphate buffered saline was purchased from Sigma. Mouse serum was obtained from WACAY. All other reagents were of the highest grade available. Deionized water was obtained through the Nanopure Infinity™ ultrapure water system (Barnstead/Thermolyne Corp.). Binding buffer was prepared by adding 1 mg∕mL BSA and 10% fetal bovine serum into the Dulbecco's PBS containing 4.5 g∕L glucose and 5 mM MgCl 2 .
Cells. CCRF-CEM cells (T cell line, human acute lymphoblastic leukemia) were obtained from Cell Bank of the Committee on Type Culture Collection of the Chinese Academy of Sciences. Ramos cells (B cell line, human Burkitt's lymphoma) and U266 cells (B lymphocyte, human myeloma, plasmacytoma) were purchased from the Cancer Institute & Hospital (Chinese Academy of Medical Sciences). B95-8 cells (EBV-producing marmoset B-cell line) were provided by the Cell Center of our lab. Cells were cultured in RPMI 1640 medium supplemented with 15% fetal bovine serum (FBS) and 100 IU∕mL penicillinstreptomycin and incubated at 37°C in a humidified incubator containing 5% wt∕vol CO 2 . The cell density was determined using a hemocytometer, and this was performed prior to any experiments.
Animals. Male athymic BALB/c (Balb/C-nu) mice were obtained from the Shanghai SLAC Laboratory Animal Co., Ltd. (BALB/c). They were 4-6 weeks old at the start of each experiment and weighed 20-25 g. All animal opera- tions were in accord with institutional animal use and care regulations, according to protocol No. SYXK (Xiang) 2008-0001, approved by the Laboratory Animal Center of Hunan.
Flow Cytometry Assays. Generally, probes were incubated with 2 × 10 5 cells in 200 μl binding buffer at normal temperature for 15 min in the dark and then immediately determined with a FACScan cytometer (BD Biosciences) by counting 10,000 events. Especially for the detection sensitivity assay, different amounts of CCRF-CEM cells were stained by 25 nM activatable aptamer probe (AAP) in 200 μl binding buffer at normal temperature in the dark. After incubation for 15 min, the samples were immediately detected with flow cytometer at high rate by counting the AAP-labeled events appearing in the upright (UR) region for 2 min. The number of samples used to derive statistical information for each cell concentration was 3.
The binding affinity of the AAP was determined by incubating CCRF-CEM cells (approximately 1.55 × 10 5 ) on ice for 50 min in the dark with varying concentrations of the AAP in a 250-μl volume of binding buffer containing 20% FBS and 0.1 mg∕ml yeast tRNA. Cells were then washed twice with 0.3 ml of the binding buffer with 0.1% sodium azide, suspended in 0.2 ml of binding buffer with 0.1% sodium azide, and subjected to flow-cytometric analysis. Control probe 1 was used as a negative control to determine nonspecific binding. All of the experiments for binding assay were repeated three times. The mean fluorescence intensity of CCRF-CEM cells labeled by the AAP was used to calculate for specific binding by subtracting the mean fluorescence intensity of nonspecific binding from control probe 1. The equilibrium dissociation constant (K d ) of the AAP-cell interaction was obtained by fitting the dependence of fluorescence intensity of specific binding on the concentration of the AAP to the equation Y ¼ B max X∕ðK d þ XÞ, using SigmaPlot.
In Vivo Fluorescence Imaging. Four-week-old male BALB/c nude mice received a subcutaneous injection of 5 × 10 6 in vitro-propagated cancer cells into the backside. Tumors were then allowed to grow for 3-4 weeks to 1-2 cm in diameter. Before imaging, BALB/c nude mice, with or without tumors, were anesthetized with the combined use of tranquilizer and anesthetic. In detail, a 2 mg∕kg dose of chlorpromazine hydrochloride was first injected intramuscularly, and several minutes later, an intraceliac injection was performed with an 80 mg∕kg dose of pentobarbital sodium solution. Once the mice were anesthetized to be motionless, a 140 μl volume of physiological saline containing 0.35 nmol of labeled probes and 4.5 nmol of unlabeled random oligonucleotide was injected intravenously via the tail vein. At specified times, fluorescence images of the dorsal side of live mice were taken by a Maestro™ in vivo fluorescence imaging system (Cambridge Research & Instrumentation, Inc.). A 640 nm (AE25 nm) bandpass filter and a 680 nm longpass filter were selected to be used as the excitation filter and the emission filter, respectively. All the fluorescence images were presented after processing by the Image J software (version 1.38x).
